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ABSTRACT 

The performance parameters proposed by Soland et al . (23 was 
used to perform a comparison of the Kays and London 133 
plate - finned surfaces for heat exchangers constructed from 
stainless steel, mild steel, aluminum, and copper. Three 
additional comparison criteria were also investigated by 
modifying the proposed parameters. When using stainless 
steel, the louvered plate - finned surface 1/4 (b) - 11. 1. 
is the best, but when using mild steel, aluminum, or copper, 
the wavy - fin plate - finned surface 17.8 - 3/8W is the 
best of those consiaereo. 
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NOMENCLATURE 



SYMBOL 


definition 


UNITS 




a 


heat exchanger width 


ft 






heat transfer area of base surface 
without enhancement; equals length 
times heated perimeter 


ft2 






minimum free flow area 


f t2 






frontal area of heat exchanger 


ft2 




Ap 


flow area without enhancement 


ft2 




Ah 


total heat transfer area 


f t2 




b 


plate spacing 


ft 






spec 1 f 1 c heat 


BTU/ 1 bjn 


F 


d 


pin d 1 ame ter 


ft 




Dn 


nominal diameter; defined by (lb) 


ft 




f 


friction factor based on total 
area I A^ ) ; defineo by (4a) 


- - - 






nominal friction factor based on 
base area (A^^): defined by (4b) 


- - - 






friction factor for a smooth 
surface; defined by (28) 


- - - 




9o 


conversion factor (= 32.174) 


'^n ft/lbf 


Gc 


mass flux based on minimum free 
flow area; defined by (2a) 


Ibjj^/hr 


ft2 


Gn 


nominal mass flux based on flow 
area <Ap); defined by (2b) 


Ibj^/hr 


ft2 


h 


heat transfer coefficient based on 
total area <A|^); defined by (5a) 


BTU/hr 


f t2 




nominal heat transfer coefficient 
based on base area (A^j); defined 
by (5b) 


BTU/hr 


ft2 


j 


Colburn j factor based on total 
area (A^); defined by (7a) 


- - - 
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nominal CclDurn j factor oaseo on 
Dase area oefineo by (7b) 

jg Colburn j factor for smooth 

surface; defined by (26) 

thermal conductivity of material 

1 fin length from root to center; 

(= b/2) 

L heat exchanger length 

m fin parameter; defined by (10) 

Nu Nusse 1 t number; defined by <6a) 

NUpi nominal Nusse It number; defined 

by (6b) 

NTU number of heat transfer units; 
defined by (23) 

P pumping power 

Pr Prandtl number 

q heat transfer rate 

4rh hydraulic diameter; defined by 

(la) 

Re Reynolds number based on minimum 

free flow area (A_): defined by 
(3a) 

Rep nominal Reynolds number based on 
free flow area (Ap>): oefineo by 
(3b) 

T temperature 

V heat exchanger volume on one 

side 



BTU/hr ft F 
ft 

ft 

1/ft 



hp 



BTU/hr 

ft 



F 

ft3 



I 



I 
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MISCELLANEOUS 

^ ratio of heat transfer area ^A^) 

to volume 

friction pressure drop 
M mass flow rate 

’^f fin efficiency; defined by (9) 

r) total surface efficiency; defined 

by ( 8 ) 

■*' viscosity 

P density 

• heat exchanger effectiveness 

^ fin thickness 

SUBSCRIPTS 



a 


case 


a 


parameter 


b 


case 


b 


parameter 


c 


case 


c 


parameter 


d 


case 


d 


parameter 


e 


case 


e 


parameter 


f 


case 


f 


parameter 


g 


case 


g 


parameter 


es 


enhanced surface 


3 


smooth 


surface 


n 


mom i n a 1 





f t^/ f 

1 b^/f t^ 
Ibj^hr 

Ibjp/hr ft 
ft 
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I . INTRODUCTION 

Plate - fin surfaces have been used for many years in 
heat exchanger design. Various attempts have been made to 
develope a universal comparison method to evaluate the 
performance of enhanced surfaces. These comparison methods 
provide ways for the designer to select the most beneficial 
surface for a given application. Any comparison method 
should be easy to apply and give accurate results. The most 
notable of these attempts have been by Bergles et al. Cl], 
Webb C63, Webb et al. [7], LaHaye et al . [0], and Cox et al. 
[ 113 , 



LaHaye et al . [03 proposed a method using an effective 

uninterrupted flow length to diameter ratio of the surface 
to determine the relative performance of different heat 
exchanger surfaces. This comparison method was modified by 
Soland et al. (23 and used to compare the plate - finneo 
surfaces of Kays and London (33 using aluminum as the heat 
exchanger material. From these proposed performance 
parameters four cases could be investigated when the flow 
rate and inlet temperatures between the surfaces being 
compared were held constant. The cases were: 

a) Same shape and volume. 

b) Same volume and pumping power. 

c) Same pumping power and number of transfer units. 

d) Same volume and number of transfer units. 
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Aluminum may not be the best material to use for heat 
exchanger construction in all applications. Plate spacing, 
fin thickness, and material thermal conductivity are three 
of the parameters that determine fin efficiency and 
subsequently the surface efficiency. These factors prevent 
the "best" aluminum surface from being the "best" when a 
different material is used. Here the proposed performance 
parameters of Soland et al . C2] are used to investigate 
which surafce is the "best" for four different materials - - 
stainless steel, mild steel, aluminum, and copper. Their 
performance parameters are also further modified to 
investigate three additional cases: 

e) Same shape, volume, and pressure drop. 

f) Same frontal area and heat transfer. 



g) Same frontal area and pumping power. 
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II. PERFORMANCE PARAMETERS 

Kays and London [33, presents data for many different 
plate - finned surfaces in terms of Colburn j factors, j, 
and friction factors, f, as a function of Reynolds number 
Re. The total heat transfer area of the surface, A^ , is the 
reference area for j and f while the minimum free flow area. 
A^ , IS the reference for Re. 

The proposed comparison method of Soland et al . [23 
converts the magnitudes of j and f referenced to the surface 
base plate area, A^, to obtain new "nominal" values, and 
fpi. These values will include the effect on the base plate 
area of the fins. The new j includes the total heat 
transfer area but is based on the plate area; hence jp > j. 
Since j IS proportional to the local heat transfer 
coefficient, h, this implies that hp > h. Similarly the new 
friction factor includes the total friction effect but is 
based on the plate area as though the fins were not present; 
also fp > f. Further, since hp includes the effect of the 
fins It becomes a function of fin material thermal 
conductivity. The fp, however, is independent of fin 
conductivity. The new "nominal" Reynolds number, RCp, will 
be based on the open flow area, Ap, as though the fins were 
not present. 

Table I shows the proposed new definitions of the 
various quantities compared with the definitions used oy 



Kays and London C33. 



1 
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Figure i shows a representative surface geometry ana a 
sample calculation for the proposed hydraulic diameter. Dp, 
and mass flux, Gp, of a smooth surface passage and the Kays 
and London plain plate - fin surface 6.2. Note that Dp = 2b 
for either a finned or unfinned parallel plate passage. 



To convert the Kays and London data to the new basis, 
the following ratios are obtained from the definitions of 
Table I and Figure 1. 




< 1 1 ) 



where ^ 



«bL 1 

^h'^h ^'^h 




R« 



On<^n 

^'"h'^c 



£b 



^r. ^F^h*^c b 

a ^ ^ 



< 12 ) 

< 13 > 

< 14 ) 

< 15 > 
( 16 ) 



These ratios were used to convert Kays and London data 
to obtain curves of the proposed fp and jp as a function of 
Rep. To solve for the proper fin efficiency, Vf , two 
assumptions were required; selection of the heat exchanger 
material and operating fluid. The gas selected was air at 
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400 F CCp = 0.2451 BTU/ 1 F. /m = 0.0624 1 f t hr. Pr = 
0.683). Four different heat exchanger materials were 
analysed; stainless steel (km = 10 BTU/hr ft F), mild steel 
(km = 25 BTU/hr ft F), aluminum (km = 100 BTU/hr ft F), and 
copper (km = 225 BTU/hr ft F). 

A representative set of curves for the Kays and London 
plain plate - fin surface 6.2 of reference C3] is shown in 
Figure 2 for aluminum heat exchanger material. 



performance parameters can be developed. For any heat 
exchanger, the pumping power required for one side is: 



Substituting for from equation (4b) and using equation 

(3b) results in: 



Using the definitions from Table I, two power 



P 




<. 17 ) 



P - 




I' 1 9 ■» 



P - 




< 19 ) 



Rearranging equations (18) and (19) gives 



. ■■ M ‘ — 





wL 




( 20b ) 



I 



i 
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V 

These two equations are the power performance 
The heat transfer for any heat exchanger 

• wCpAT^ 



21 > 

parameters . 

IS given by: 

( 22a ) 
<22b) 

< 22c > 



For any flow arrangement, a curve similar to Figure 3 exists 
which relates 6 to NTU , where: 

A^h 

NTU • ( 23 ) 

WCp 

This relationship between f and NTU is always monoton i ca 1 1 y 
increasing. The log mean temperature difference, , is 

defined by Figure 4 and is applicable to all single pass 
flow arrangements except for cross flow heat exchangers. In 
a cross flow exchanger must be corrected as described 

in reference [ 41 . 



Heat transfer performance parameters can be developed 
from the definitions, (3b) and (7b) of Table I and equations 
(22) and (23) resulting in the following: 



■ n 



>2^3 



4uic, 



A^h 



h"n 



< 24« ) 






4 wCp ATi„L 



< 24b ) 



I 






18 



-I , T 

P-- - 

_s NTU 

4L 

o2^3 



1 n 



4L 



AT; 





°n 



>2/3 



4/-4C, 



p2/3 

r 



At- h 



h^n 



V 

q 






,2/3 



NTU 



2/'i 



V 2 4 1 _ > 
( 24d ) 

<25«> 

< 25b ) 

< 25c ) 



Equations (24) ano (25) are the heat transfer performance 
parameters . 



With the surface oata in the form of jp, and fp, as a 
function of performance parameters can be 

constructed into performance curves and plotted. A different 
curve will result for each surface. 

Since jp|/Dp, and f p,Rep,^/ Dp,^ have a common heat exchanger 
dimension of length, they will be used to generate one set 
of performance curves. Volume is the common dimension for 
jpjRep^/Dp,^ and f p,Rep,^/Dp,^ so they will be used together to 
generate another set of performance curves. 



Figure 5 shows representative performance curves for two 
Kays and London surfaces when plotted as J^/Dp, as a function 
of f pjRepj^/Dpi^ . Figure 6 shows the same two surfaces for the 
other performance parameters. jp,Rep,/Dp^2 f ^pepi^/Dp,"^ . In 

both figures. Rep, can be represented as shown. 
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TABLE I : DEFINITIONS 

i Kv Kavs & London C33 Proposed 



hydrau 1 i c 






< le > 


n m 


4v 


< lb ) 


diameter 




°n ■ 


^b 


mass flux 


Gc 


Uf 

m 


< 2e > 




w 


<2b) 


Reynolds 


Re 




< 3a ) 


'^®n 


Cn Dn 


< 3b ) 


number 


A* 




friction 


f « 


APf 


< 4a ) 




APf 


( 4b ) 


factor 




L !L 


■ 








'■h 










heat transfer 




^''^0 


< 5a ) 




q^'Ab 


< 5b ) 


coef f 1 cl ent 


n ■ 


AT 




AT 


Nusse 1 t 


^u 


4r^ h 


( 6a ) 


Nur, 


Do 


( 6b ) 


number 


k 


k 


Colburn j 


J ■ 


h Pr 


( 7a ) 




2/3 
hn Pr 


< 7b ) 


factor 


*^C *=p 


Jn ■ 


=p 


Surface 

ef f 1 c 1 ency 




»7o “ 1 - 


Af 

— < 1 - 


Vf > 


< 8 ) 




Fin 

ef f iclency 




tenh ml 
’ ml 




( 9 ) 





F 1 n 


m ■ 


1 


< 1 Oa ) ^ sheet 


parameter 




' ^ ‘^m 


f 1 ns 



< I Ob > Cl rcu 1 ar 
pin fins 
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a) Smooth Surface Passage 




T 

b 




b) Plain Plate - Fin Surface 6.2 

« 3 





7 








7 


1 






L 


1 






Ap = ab 
= 2 a L 
V = abL 



0 



n 



4 






= 4 



abL 



2aL 



2b 




ui 

ab 



Figure 1: Sample Calculation of Nominal Diameter and Mass 

Flux for Rectangular Flow Passages. 



ALUMINUM 
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Fiqure L’ : ('oihurn i Factors (j, and Fricton Factors 

< t . t ) t or f'lain Plate - Fin Surface 6.2. 
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Figure 3: Representative Plot of Heat Exchanger 

Ef f ect 1 veness , f , vs. Number of Transfer 
Units, NTU. 
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Figure 4 




T 



0 



L 



AT 

AT. 
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AT 



1 n 



AT. - iT.. 



Typical Axial Temperature Distribution for a 
Condensor and the Definition of Log Mean 
Temperature Di f f erence , AT . 
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III. COMPARISON MF.THnr. 



Consider a heat 


exchanger with 


the 


control 


ling 


heat 


transfer resistance on 


one side, such 


as 


the gas 


f 1 ow 


side 



of a conoensor or evaporator. This allows the comparison to 
be conoucteo on only one side of a plate - finned heat 
exchanger. The plate resistance separating the two sides of 
the heat exchanger will oe considered negligible, and the 
heat exchanger inlet temperatures, ^c,in’ ’ 
remain constant for all cases considered. 

Using the two sets of performance parameters (equations 
(20) and (24), and equations (21) and (25)), seven different 
cases can be considered. The first four cases were developed 



by So 1 


and et 


a 1 . 


[2i and uses the performance parameters 


1 n 


the form of 


equations (21) and (25). 


These cases 


W1 1 1 


be 


br 1 ef 1 


ly presented 


tor completeness of 


di scussi on . 


The 1 


ast 


three 


cases 


use 


the performance parameters in the 


form 


of 



equations (20) and (24). 

The two surfaces represented in Figure 7 for the 
performance parameters of equations (21) and (25) will oe 
used to demonstrate the use of these curves to determine 
heat exchanger relative performance for the first four 
cases. These comparisons will be made for the same flow rate 
and inlet temperatures. This implies that any comparison 
which results in the same value for NTU/V will also have the 



same q/V . 
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Refering to Figure 7, point o on surface 1 represents a 
reference heat excnanger with the following specifications: 
Pq, NTUq, Qq, Lq. Vq. This point may lie anywhere on 
the surface 1 performance curve. Points a, 0, c, and d on 
surface 2, represent the four different performance 
comparisons of Soland et al. [23. 

The two surfaces shown in Figure 8 for the performance 
parameters of equations (20) and (24) will be used to 
demonstrate their use to determine heat exchanger 
performance for the last three cases. 

Point o in Figure 8 represents the same reference heat 
exchanger as the previous four cases. For these performance 
parameters the specifications at point o will be: Pq. 
NTUq, qQ, Ap Q. Lq. This point may lie anywhere on the 
surface i performance curve. Points e, f. ana g on surface 2 
represent the last three performance comparisons. 
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Figure 7: 



Representative Performance Curves tor Two 
Surfaces Showing Points Used for Cases a, 0, c, 
and d. 



.1 



I 
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Representative Performance Curves for Two 
Surfaces Showing Points Used for Cases e, f, and 
g. 



Figure 8 j 
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Case a : 



Same heat exchanger shape, volume, flow rate, ana inlet 
temperatures . 

* *-o ‘*'0 ■ 



This case represents a comparison of points o and a of 
Figure 7 by equations (2b) and (3b). The ratios of the 
ordinate values, equation (25c), and the abscissa values, 
equation (21), provide the relative changes of heat transfer 
and pumping power between the two heat exchangers. The 
necessary ratios are: 



Figure 
power and 



R« 



n , a 



'n , a 



Ra 



n . o 






n , o 



NTU^ ■ ‘ 

9a shows the magnitude of 
heat transfer when using 



the increase 
surface 2 



in pumping 
instead of 



surface 1 in the same shape and volume heat exchanger. 



. 

1 
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Case D : 

S^Jne heat exchanger volume, pumping power, flow rate, 
and inlet temperatures. 

Pb * Pq 

A vertical line on the performance plot of Figure 7 has 
a fixed value of power per unit volume, equation (21), and 
IS represented by a comparison of points o and b. From 
equation (25c), the ratio of the ordinate values will yield 
the number of heat transfer units ratio of the two heat 
exchangers. The required ratios are: 



P*n , b , o , b 

X i ■ — ■ - 



P«n,o 


^F , b , o 


NTUt, 


< j '0^ >b 


NTU^ “ 





The magnitude of the increase in heat transfer for the 
same pumping power when using surface 2 instead of surface 1 
IS represented in Figure 9b. Note that < Re^^Q since 
surface 2 has greater friction than surface 1. If the plate 
spacing for both surfaces is the same (Dn,b “ ^n,o^’ then 
the frontal area for surface 2 will be greater than for 
surface 1, Ap t) ^ ^F o * R 69 '-‘*t‘ing the same volume means that 
the length will decrease, < Lq. 






I 
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Case c : 

Same heat exchanger pumping power, heat transfer, flow 
rate, and inlet temperatures. 

Pc ■ “'c ■ ‘*’0 

NTU^ - NTUq 

Dividing equation (25c) by equation (21) will result in 
an equation for a straight line with a unity slope. A line 
having a slope of 1 in Figure 7 from point o on surface 1 to 
intersect surface 2 at point c wi 1 1 provide a comparison of 
required heat exchanger size for the same pumping power and 
heat transfer rate. Since each axis is inversly proportional 
to volume, the ratio of either the ordinates or abscissas at 
points o and c will result in the required heat exchanger 
volume. The ratios are: 

P*n,c _ , o ^n, c 

P*n,o ^F,c ^n,o 

Figure 9c shows the relative reduction in heat exchanger 
volume when using surface 2 with respect to surface 1. As 
long as surface 2 lies above surface 1 on the performance 
curves, surface 2 will result in a smaller heat exchanger 



volume . 
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Case g : 

Same heat exchanger volume, heat transfer, flow rate, 
and inlet temperatures. 

'^d ■ '^o "d ■ "o 

NTU^ - NTU^ 



A horizontal line on Figure 7 has a constant value of 
heat transfer per unit volume; equations C25b> and (25c). 
When both heat exchangers have the same overall heat 
transfer performance, the ratio of points o and d abscissa 
values, equation (21), will provide the pumping power 
required by surface 2 compared to surface 1. The ratios are: 



, d , o , d 

— — . - I -11 

, o ^F , d , o 







) 



) 



d 



o 



Figure 9d shows representative results for this 
comparison. Note that Re^ ^ > Re^ q. When the plate spacing 
for surface 1 and surface 2 are the same (0^^^! ~ ^n,o^» 
frontal area for surface 2 wi 1 1 be greater than surface 1 , 
^F,d ^ ^F,o* same heat exchanger volume implies that the 

length will decrease, < Lq. Since Re^, is the smallest 

of these four cases, the frontal area for surface 2 wi 1 1 be 
the largest for case d, Ap > Ap > Ap^|^ > Ap^^^. 
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Case e : 



Same heat exchanger shape, volume, pressure drop, ana 
inlet temperatures. 



" *“0 












^ m 

This case represents a comparison of points o and e of 
Figure 8 since a vertical line has a fixed value of pressure 
drop per unit length as shown by equation (20b). Taking 

ratios of the ordinate values, equation (24c), provides the 
change in the number of heat transfer units between the two 
surfaces. The ratio of nominal Reynolds numbers from 

equations (2b) and (3b) provides the flow rate ratio which 
will also be equal to the pumping power ratio of the 

surfaces by equation (20a). Using equation (24c) and (24d) 
and the temperature definitions from Figure 4, a ratio of 
the temperature rise for surface 2, AT_ _ , to the inlet 

temperatue, AT ^ , can be determined. This temperature ratio 

will be a family of curves determined by the selected 
temperature rise ratio of surface 1. Knowledge of both the 
temperature rise ratio and flow rate ratio enables a 

comparison of the heat transfer rates between the two 

surfaces by use of equation (22c). A family of curves for 
the heat transfer ratio will also result due to the 

temperature rise ratio of surface 1. The following ratios 



are app 1 i cab 1 e : 
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R«, 



n , o 



o 

NTU, 

NTU^ 



^®n , o « 



<Jn"Dn>o 



AT 



ATi 



» 1 - < 1 - 



r.o NTU-/NTU« 
) ® o 



ATi 



*^e AT^ ^ ^ AT ^ 



*-0 AT^.o 



Typical results of this comparison are illustrated in 
Figure 10. A vertical movement on the performance curve 
between two surfaces results in the upper surface having a 
smaller nominal Reynolds number, Re^ ^ < Re^ q. If the plate 
spacing for both surfaces are equal, = D^^q, and since 
the frontal areas are the same, surface 2 will have a 
smaller mass flow rate , ^ ‘^o- Pumping power is proportional 
to the product of mass flow rate and pressure drop. This 
results in a lower pumping power for surface 2, Pg < Pq . 



The number of heat transfer units for surface 2 is 
greater than for surface 1, NTUg > NTUq . However, this does 
not mean surface 2 wi 11 have a greater heat transfer rate 
than surface 1. Refering to Figure 3, the NTU ratio is seen 
to be proportional to the surface effectiveness ratio within 
a constant. Thus, surface 2 is a more effective surface than 
surface 1. From equations (22a) and (22c) the temperature 
rise to inlet temperature rat i o , AT^^ ^^'AT ^ , is the surface 
effectiveness. Surface 1 effectiveness will increase as the 
temperature ratio increases. Since effectiveness approaches 
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unity exponentially, the change in the temperature rise for 
surface 2 becomes less. The combination of reduced flow rate 
and the interrelationships between NTU , effectiveness, and 
temperature, can cause a heat transfer ratio less than one. 

The above discussion was based on equal plate spacings. 
If the plate spacing for surface 2 is greater than surface 
1, Dpj^g > Q , then the hydraulic diameter ratio will be 
less than unity and the flow rate and pumping power ratios 
will be smaller. The temperature ratios will not change 



since they 


are 


a function 


of 


the 


NTU 


ratio. 


The 


heat 


transfer ratio 


W1 1 1 


be less 


due 


to 


the smal 


1 er 


f 1 ow 


rate 


ratio. If 


the 


plate 


spacing for surface 


2 


1 s 


1 ess 


than 


surface 1 , 


^n , e 


< Dn. 


Q, then 


the 


f 1 ow 


rate 


and 


pump i ng 


power 



ratios may be greater than unity. This would increase the 
heat transfer ratio without any change in the temperature 
ratios. 

Note from Figure 10 however, that there is some 
combination of parameters that will provide an improved heat 



transfer for a lower pumping power. 



38 





O 

• 10 • 
O' I (T ^ 




iQure- in Ivfncat ppr tc^rmance Compar i son Results tor Case 



39 



Case f : 

Same heat exchanger frontal area, heat transfer rate, 
flow rate, and inlet temperatures. 

f * ^F, o 
'«f • 

Using the Reynolds numoer ratio obtained from equations 
(2b) and (2c) results in a comparison of points o and f in 
Figure 8. Since the heat transfer rate and flow rate are the 
same, the temperature rise across the heat exchanger remains 
constant and the temperature difference of the outlet is 
constant, equation (22c). Therefore, from equations (24c) 
and (24d), NTU remains fixed which means the length ratio of 
the surfaces can be found from the inverse ratio of the 
ordinate values. The pumping power ratio, equation (20a), is 
determined from the product of the abscissa values and the 
length ratio. The required ratios are: 

R«n,f °n.f 
— ■ ' 

^•n,o °n.o 

*-f 

Pj_ _ ':± 

Results of the ratios obtained are shown in Figure 11. 
If the plate spacings of the two surfaces are equal, Dn , f “ 
Dp Q, then the nominal Reynolds numbers are equal, Ren , f “ 
Rep^o- Surface 2 is above surface 1 on the performance curve 
plot because it has greater heat transfer enhancement and 
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friction. For the same heat transfer rate, the greater heat 
transfer enhanced surface will require less length, < Lq , 
for the same frontal area - - a smaller heat exchanger. Due 
to the higher friction of surface 2, it will require more 
pumping power, . The magnitude of the increase in 
pumping power is reduced by the decreased length. 

The above discussion was based on equal plate spacings. 
If the plate spacing for surface 2 is greater than surface 
1, Dq ^ f > then the nominal Reynolds number of surface 
2 IS greater than surface 1, Rep , f > Re^ q, and point f 
moves further to the right on Figure 8. A situation could be 
reached where the resulting length ratio will be greater 
than unity. This would occur when the ordinate value of 
surface 2 becomes less than surface 1. This would require 
surface 2 pumping power to be greater. If the plate spacings 
are such that surface 2 is less than surface 1, ^ f < Dn,o* 
then the Reynolds number of surface 2 is less than surface 
1 , Re^ ^ < Re^i q, and point f will move to a point such as 
f' in Figure 8. In this situation the length ratio will 
remain less than unity but the pumping power ratio will 
become less than unity. This is because the abscissa value 
for surface 2 is less than surface 1. 

The results of Figure 11 indicate that for some 
combination of surface parameters a heat exchanger can be 
found to provide a shorter length with less pumping power 
for the same heat transfer, frontal area, and flow rate. 
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Figure 11: Typical Performance Comparison Results for Case 

t . 
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Case q : 



Same heat exchanger frontal area, pumping power, flow 
rate, and inlet temperatures. 



Points o and g, which are found from the Reynolds number 
ratio of equations (2d) and <3b), in Figure 8 are indicative 
of this case. Since pumping power and flow rate are 
constant, the inverse ratio of the abscissa values will 
provide the heat exchanger length ratio by equation (20a). 
The NTU ratio is obtained from the product of the ordinate 
ratio and the length ratio from equation (24c). As presented 
for case e, a ratio of the temperature rise for surface 2 to 
the inlet temperature , ^ ^/'AT ^ , can be determined from 
equations (24c) and (24d) and Figure 4, This temperature 
rise ratio will result in a family of curves determined by 
the selected temperature rise ratio of surface 1. Knowledge 
of the temperature ratios provides a comparison of the heat 
transfer rates. A family of curves again result due to the 
temperature ratios. The ratios are: 




9 
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^^r.o NTU^/NTU^ 
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^9 



I , o 

Results of this comparison are shown in Figure 12. 
Assuming equal plate spacings, g = q, the Reynolds 
number ratio will be unity, Re^^ g = Re^ q. Since surface 2 
has a greater friction than surface 1, to achieve the same 
pumping power surface 2 must be shorter than surface 1 , Lg < 
Lq. The magnitude of the NTU ratio is as shown. Since the 
NTU ratio and surface effectiveness are related as presented 
for case e, surface 2 wi l i be more effective than surface l. 
The heat transfer ratio will only be a function of the 
temperature rise ratio due to the constant flow rate between 
the two surfaces. 



If surface 2 has a greater plate spacing than surface 1, 
Dp g > Dp Q, then the Reynolds number of surface 2 is 
greater than surface 1, Rep g > Rep^. This will cause point 
g to move further to the right in Figure 8 and the above 
discussion is still applicable. If surface 2 plate spacing 
IS less than surface 1, Dp g < Dp^Q, then the Reynolos 
number ratio will be less than unity, Ren,g ^®n,o’ 
point g may be located at g' in Figure 8. In this situation, 
surface 2 wi 1 1 have a greater length than surface 1 , Lg ;► 
Lq, and the NTU ratio will increase and may exceed unity. 
This would cause a greater temperature ratio for surface 2 
for any selected temperature ratio of surface 1, and 
subsequently an even greater heat transfer ratio. 



u 



An improved heat transfer for a shorter length heat 
exchanger at the same pumping power ana frontal area is 
possible at some combination of surface parameters as 
indicated by Figure 12. 



NTU 
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IV. COMPARISON OF PLATE - FINNED SURFACFS 

The Kays ana Lonaon plate - finned surfaces of reference 
C3] that were considered are listed in Table II by surface 
type, plate spacing, and surface designations. Only the 
surfaces considered by Solano et al. [23 were analysed. Due 
to the large number of surfaces considered, all the figures 
on the following pages will use the numbering scheme listed 
in the right hand column of Table II. 

Sol and showed that any surface performance curve which 
IS above the performance curve for another surface is a 
better surface. A better surface is defined as one which 
provides the same heat transfer rate for the same pumping 
power, mass flow rate, and inlet temperatures - - case c. 
The conclusion was that the wavy - fin plate - fin surface 
17.8 - 3/8 W was the best surface for an aluminum heat 
exchanger . 

Refering to equations (8). (9), and (10) of Table I, if 
two heat exchangers were constructed of the same surface but 
different materials, then the surface with higher thermal 
conductivity would result in a smaller heat exchanger. This 
would primarily be due to a better fin efficiency ana 
subsequently a better overall surface efficiency. From 
equation (16), a greater overall efficiency causes a larger 
nominal Colburn j factor, Jp^2 ^ -Jn,!' Notice that the 
nominal friction factor of equation (15) does not change. 
These two items cause the performance curve for the higher 
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conauctivity material to lie above the other and result in a 
smaller heat exchanger. If the two heat exchangers were 
constructed from difterent materials and different surfaces, 
fin efficiency may not improve due to higher thermal 
conductivity. In this situation, plate spacing, fin 
thickness, and conductivity play a role. 

Performance curves for each surface listed in Table II 
were plotted for four different materials - - stainless 
steel, mild steel, aluminum, and copper. The surfaces were 
ranked by surface type for each material. To provide a more 
apparent comparison, aluminum was used as the base heat 
exchanger. Figures 13 through 16 are the performance curves 
obtained for stainless steel, mild steel, aluminum, and 
copper respectively. Only the best surface type constructed 
from aluminum is shown tor each of the four materials. 
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TABLE II: KAYS AND LONDON PLATE - FIN SURFACES 



General 
Surface Tvpe 


Plate Spacing 
(0. inchesl.. 


Surface 

Designation 


Surface 

Number 


Plain PI ate - Fin 


.470 


5.3 


1 




.405 


6.2 


2 




.823 


9.03 


3 




.250 


11.1 


4 




.480 


1 1 . 1 1 Ca) 


5 




.330 


14.77 


6 




.418 


15.08 


7 




.250 


19.86 


8 


Louvered Plate - 


.250 


3.8-6.06 


9 


Fin 


.250 


3/8Ca)-6.06 


10 




.250 


1/2-6.06 


1 1 




.250 


l/2(a)-6.06 


12 




.250 


378-8.7 


13 




.250 


3/8<a)-8. 7 


14 




.250 


3/16-11.1 


15 




.250 


1/4-11 . 1 


16 




.250 


l/4(b)-l 1 . 1 


17 




.250 


3/8-11.1 


18 




.250 


3/8(b)-l 1 . 1 


19 




.250 


1/2-11 . 1 


20 




.250 


3/4-11.1 


21 




.250 


3/4(b)-l 1 . 1 


22 


Strip - Fin Plate 


.250 


l/4(b)-l 1 . 1 


23 


- Fin 


.485 


3/32-12.22 


24 




.414 


1/8-15.2 


25 


Wavy - Fin Plate 


.413 


1 1 . 44-3/8 W 


26 


- Fin 


.413 


17.8-3/8 W 


27 


Pin - Fin Plate 


.240 


AP-1 


28 


- Fin 


.398 


AP-2 


29 




.750 


PF-3 


30 




.502 


PF-4CF) 


31 




.510 


PF-9CF) 


32 
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STAINLESS STEEL 
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Figure IJ: Performance Parameter Curves of Plate Finned 

Surfaces tor Stainless Steel. 
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MILD STEEL 
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Kigute 14: l‘er t ormance Parameter Curves ot Plate - Finned 

Surfaces f (3r Mild Steel . 
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Figure lb: Performance Parameter Curves ot Plate - Finned 

bur faces tor Aluminum. 
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Performance Parameter Curves of Plate - Finned 
Sue faces tor Copper. 
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To perform a comparison of cases e, f, ana g. a 
reference surface was selected. This surface is a smooth 
surface with no enhancements and a plate spacing of 0.25 
inches (D^ = 0.5 inches). Comparison of many surfaces to a 
single common smooth plate nominal hydraulic diameter 
permits a relative comparison between surfaces having 
different nominal diameters. 



The performance curve ordinate. for a smooth 
surface was determined utilizing the turbulent flow in tubes 
Colburn correlation for forced convection from reference 
[4] : 

j = 0.023 <26) 



For a smooth surface h = h^, . G = Gp^ , Re = . Then: 



^ 0.023 R« 



- 0.2 



< 27 ) 



The performance curve aoscissa, f pRep^^/D^^ , for a smooth 
surface was calculated by the linear approximation from 
reference [43: 

f » 0.0791 <28) 



For a smooth surface f = fp^. 



0.0791 R«* 



1 . 75 



<29) 



Solving equation c26) for Rep, and substituting into 
equation (27) leads to: 



0.0172 cf 

7T • -TTTTrS * n n 



-0.114 



< 30 ) 



* 
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Equation (30) provides the performance curve for a 
smooth surface for cases e, f, and g. Figure 17 shows the 
performance curves used for these comparisons. Shown are the 
best surface of each surface type determined by case c and 
the smooth surface for aluminum heat exchanger material. In 



the following figures. 


the 


subscript 


" es" will 


denote 


the 


enhanced surface and 


the 


subscr 1 pt 


"s“ will 


denote 


the 



smooth surface. 

Results for case e, same shape, volume, and pressure 
drop, are shown in Figures 18 through 23 inclusive. Figure 
18 shows the NTU ratio as a function of The flow rate 
ratio, which is equivalent to the pumping power ratio, is 
shown in Figure 19. Note that in Figure 19, a higher ratio 
is the smaller pumping power for the enhanced surface. Since 
a family of curves are generated for the heat transfer ana 
temperature rise ratios. Figures 20 and 21, only the curves 
for a smooth surface temperature rise ratio of 0.1 are 
shown. A family of curves generated oy the selected smooth 
surface temperature rise ratio are shown in Figures 22 ana 
23 for heat transfer and temperature rise ratios. These 
figures show the results for one surface only, namely the 
plain plate - finned surface 6,2. Ratios of heat transfer 
and temperature rise as a function of the smooth surface 
temperature rise are shown in Figures 24 and 25 respectively 



for the same surface. 
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For case f. same frontal area, flow rate, ana heat 
transfer. Figures 26 and 27 show the results. Figure 26 is 
the pumping power ratio and Figure 27 is the length ratio as 
a function of the smooth surface nominal Reynolds number, 
Rej.j g. A lower ratio is preferred in Figure 26, and a higher 
ratio in Figure 27. 

Case g results are shown in Figures 28 through 35 
inclusive. The NTU ratio is shown in Figure 28 and the 
length ratio in Figure 29. Like case e, heat transfer ratio 
vs. RCp^g IS Figure 30 and temperature rise ratio vs. Repj g 
IS Figure 31 for an inlet temperature rise ratio of 0.1 on 
the smooth surface. A family of curves generated by the 
selected smooth surface temperature rise ratio are shown in 
Figures 32 and 33 for heat transfer and temperature rise 
ratios. These figures show the results for one surface only, 
namely the plain plate - finned surface 6.2. Figures 34 ana 
35 show a family of curves for the heat transfer and 
temperature rise ratios respectively, vs. the smooth surface 
temperature rise ratio for the same single surface. In 
Figure 29 a higher ratio gives better results and in Figures 
28, 30, and 31 a lower ratio is preferable. 
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hiqijte I.: Pf-r t or mance Parameter Curves of Plate - Finned 

:.ur fares for Cases e, t, and a. 
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tiqurf* IH: Pertormcince Comparison Results ot Number of Heat 

Iranster Units for Case e. 
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Figiif^ IV: Performance Comparison Results of Pumping Power 

t or Csse e . 
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Figure <r;ii : f’er f ormance (.'ompar i 3on Results ot Heat Transfer 

tor Case e ann .''AT. -- U.l. 
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F I gm XI: Fer tormance Comparison Results of Temperature 

Rise for Case e and ./AT. =0.1. 



ALUMINUM 



61 



CJ 




b/ 



b 



Figure Performance Comparison Results of Heat Transfer 

l<>r a 1 n Plate - Finned Surface 6.2 for Case e 
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Kigure 2 J : Pf^r f ormanc:e Comparison Results of Temperature 

Rise for Plain Plate - Finned Surface 6.2 for 
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Heat Transfer tor Plain Plate - Finned Surface 
t> . vs. Smooth Surface Temperature Rise for Case 
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K 1 qu r /S : Tempe r a r u r e Rise tor Plain Plate - Finned 

ljuttdce f. . ? vs. Smooth Surtace Temperature Rise 
r or ("ase e . 
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h'lQuie y.t, : Fertormance Comparison Results of Pumping Power 

f or Case t . 
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f-iqure : Performance Comparison Results of Number of Heat 

lianster Units for Case g. 
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Figure 3U ; Performance Comparison Results ot Heat Transfer 
tor Case g and .''AT. = 0.1. 
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Figure Jl: Performance Comparison Results of Temperature 

Rise for Case g and AT_ 4 ~ 0.1. 
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KiQure : Fer t nrmance Comparison Results ot Heat Transfer 

tor Plain {Mate - Finned Surface 6 . k! for Case g 
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iqufp Per t ormance Comparison Results of Temperature 

Rise tor F‘ i a i n Plate - Finned Surface 6.2 for 



ALUMINUM 



73 




b 



Figure J-4: Heat Transfer for Plain Plate - Finned Surface 

b.X vs. Smooth Surface temperature Rise for 
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Figure Jb : Temperature Rise tor Plain Plate ~ Finned 

.Surtace t, . vs. Smooth Surface Temperature Rise 
for C'.ase q. 
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V. COMPARISON RESULTS 

Table III shows the ranking of the surfaces based on 
case c by heat exchanger material and surface type in order 
of decreasing performance within each surface type. Ranking 
of the best surface for each material, with the surface 
plate spacing in parentheses, is shown in Table IV. Using 
aluminum as the “base" surface material, the rankings within 
each material is shown In Table V of the best aluminum 
surfaces. Overall ranking of all surfaces considered is 
shown in Table VI. Because of the proximity of some of the 
performance curves to each other and curve crossovers the 
rankings of some surfaces is subjective. 
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TABLE III: RANKING BY SURFACE TYPE 

Surface Number 



Surface Stainless 

Type 

Plain PI ate - 8 

Fin 6 

4 
7 

5 
1 
2 
3 

Louvered 17 

Plate - Fin l5 

19 
16 
18 

20 
22 
21 
14 
13 
10 
12 
1 1 

9 



Strip - Fin 23 

Plate - Fin 25 

24 

Wavy - Fin 27 

Plate - Fin 26 

Pin - Fin 29 

Plate - Fin 28 

31 
30 

32 



Mi Id 
Stee 1 


A 1 umi num 


Copper 


8 


8 


8 


6 


6 


6 


4 


4 


4 


7 


7 


7 


5 


5 


5 


1 


1 


1 


2 


3 


3 


3 


2 


2 


17 


17 


17 


16 


16 


16 


18 


18 


19 


15 


19 


18 


19 


15 


15 


20 


20 


20 


21 


22 


21 


22 


21 


22 


14 


14 


14 


13 


13 


13 


10 


10- 


10 


12 


12 


12 


9 


9 


1 1 


1 1 


1 1 


9 


25 


25 


25 


23 


23 


23 


24 


24 


24 


27 


27 


27 


26 


26 


26 


29 


30 


30 


28 


29 


29 


30 


31 


31 


31 


28 


28 


32 


32 


32 
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TABLE IV: RANKING OF BEST SURFACES 

Surface Number 



Stainless 


Stee 1 


Mild 


steel 


Aluminum 




Copper 




17 


( 


.250 


i n ) 


27 


( 


.413 


i n ) 


27 


( 


.413 


1 n ) 


27 


( 


.413 


i n ) 


8 


( 


.250 


i n ) 


17 


c 


.250 


in) 


25 


< 


.414 


1 n > 


25 


< 


.414 


i n ) 


27 


( 


.413 


i n ) 


8 


( 


.250 


i n ) 


17 


( 


.250 


i n ) 


17 


( 


.250 


i n ) 


23 


( 


.250 


i n ) 


23 


( 


.250 


i n ) 


8 


( 


.250 


i n ) 


8 


( 


.250 


i n ) 


29 


( 


.398 


i n ) 


29 


( 


.398 


1 n ) 


30 


( 


.750 


In) 


30 


( 


.750 


i n ) 



TABLE V: RANKING BY ALUMINUM "BASE" SURFACE 

Surface Number 

Stainless Steel Mild Steel A 1 umi num Copper 



17 ( .250 in ) 
8 ( .250 in) 
27 ( .413 in) 
25 ( .414 in) 
30 (.750 in) 



27 ( .413 in) 
1 7 ( . 250 i n ) 
8 ( .250 in) 
25 ( .414 in) 
30 ( .750 in) 



27 ( . 413 in) 
25 < .414 in) 
17 ( .250 in) 
8 ( .250 in) 
30 (.750 in) 



27 ( .413 in ) 
25 ( .414 in ) 
17 ( .250 in) 
8 ( . 250 1 n ) 
30 ( . 750 1 n ) 
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TABLE VI: OVERALL SURFACE RANKING 



Surface Number 



Rank i ng 
Number 


Stai n 1 ess 
Stee 1 


Mild 
Stee 1 


A 1 umi num 


Copper 


1 


17 


27 


27 


27 


2 


15 


17 


25 


25 


3 


19 


16 


17 


17 


4 


16 


8 


16 


16 


5 


8 


18 


18 


19 


6 


27 


15 


19 


18 


7 


18 


19 


8 


15 


8 


23 


25 


15 


26 


9 


20 


23 


23 


8 


10 


22 


20 


26 


23 


11 


21 


21 


20 


20 


12 


25 


22 


22 


24 


13 


14 


26 


21 


21 


M 


13 


14 


24 


22 


15 


29 


13 


14 


30 


16 


28 


29 


13 


14 


17 


26 


10 


30 


13 


18 


10 


6 


29 


29 


19 


12 


28 


10 


10 


20 


1 1 


12 


6 


6 


21 


6 


9 


12 


12 


22 


9 


30 


9 


1 1 


23 


31 


24 


1 1 


31 


24 


4 


4 


31 


28 


25 


30 


31 


28 


9 


26 


24 


1 1 


4 


4 


27 


7 


7 


7 


7 


28 


5 


5 


5 


5 


29 


32 


32 


32 


32 


30 


1 


1 


1 


1 


31 


2 


2 


3 


3 


32 


3 


3 


2 


2 
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VI . CONCLUSIONS 

Using basic heat transfer, friction, and geometric 
relationships for heat exchanger surfaces, performance 
parameters can be developed to relate heat transfer, 
required pumping power and heat exchanger size. These 
parameters can be used to determine the relative performance 
of one surface type to another of the same or different 
materials. The performance parameters need to be modified 
for the desired comparison based upon the characteristic 
dimensions of the surface. Cases a through d use volume and 
cases e through g use length as the characteristic 
dimensions. Other items to consider when comparing surfaces 
are what is the desired result, i.e. a reduction in total 
volume or a reduction in length, and what parameters are to 
remain constant between the surfaces - - flow rate, pumping 
power, heat transfer, frontal area, etc. 

Case c provides the best way to compare surfaces. By 
keeping the pumping power and heat transfer constant, case c 
will indicate which surface will give the smallest heat 
exchanger for a given flow rate to do the job. It does not 
indicate however, that one surface is better than another 
for all applications. Different materials are better than 
others depending upon the application. Because of different 
plate spaclngs and fin thicknesses, surfaces may switch 
relative positions between materials. Refering to Tables III 
and IV, in general, as thermal conductivity decreases. 
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surfaces with smaller plate spacings become the better 
surfaces. For stainless steel surface number 17, louvered 
plate - fin surface 1/4 Cb) - 11.1, is the best while for 

mild steel, aluminum, and copper, surface number 27, wavy - 
fin plate - fin surface 17.8 - 3/8W is the best of the 

surfaces compared. 
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